Introduction

The necessity for weed management
Weed control is crucial to prevent high yield losses. Oerke estimated the potential yield loss of weeds rising up to 34% worldwide (Oerke, 2006) . Chemical weed control with herbicides has been the major control tool for the last decades in developed countries.
These management practices have proven to be useful, effective and worth the efforts for many farmers, but chemical weed control in the long term has to face changing conditions and circumstances. They are used in a constantly changing and adaptive environment, and therefore their effectiveness can vary over time and location. However, the extensive and unsound use of herbicide has resulted in the development of herbicide resistance in several weeds. In addition the launch of herbicides with new modes of action has slowed down considerably (Rueegg et al., 2007) . This can partly be ascribed to the consolidation process of the agrochemical industry resulting in less overall research and development infrastructure as in the increased regulatory requirements for registration. In Europe, the review process of pesticides under the Directive 91/414/EEC has additionally narrowed the spectrum of approved herbicidal active ingredients.
Apart from the positive effect by eliminating weed competition, herbicides can have a negative impact on the environment. Today, traces of herbicides can easily be found in surface and ground water. Public concerns due to these negative side-effects have led to political action plans to reduce herbicide use, especially in Europe these considerations are taken to a large geographic scale.
Thus strategical needs for resistance management and the smart use of the existing and remaining herbicides in combination with other weed management tools will be crucial to keep these weed control tools viable for further use. Also political pressure requires to rethink the use of herbicides and to promote integrated weed management systems. Therefore, the aim of this book chapter is to present ways and options to reduce, complement and replace herbicides.
Political framework
In the European Union new guidelines are being defined for integrated pest management (IPM) (European Parliament & Council of the EU, 2009, Article 14(5)). As part of the new regulations, the weed management and proper herbicide use are to be reconsidered and put into practice from the year 2014 onwards. The European guideline will be transcribed 6 www.intechopen.com into national law to that date. The general policy of IPM is defined by the following steps (Zornbach, 2011) I. preventive management of pests II. monitoring III. control decision IV. preference for non-chemical methods V. pesticide selection VI. reduction of pesticides to the necessary amount VII. resistance management VIII. monitoring of treatment success This procedure will be also mandatory for the application of herbicides. The explicit statement to prefer non-chemical management methods and to reduce the amount of herbicides demands for new methods in weed management approaches. The possible improvements range from the development of information technologies for decision support to new implements for site-specific herbicide usage or alternative weeding methods. On the European and national level research activities are funded to develop technologies supporting this policy, e.g. within the ENDURE and PURE projects (Pesticide Use-and-risk Reduction in European farming systems with Integrated Pest Management) and on national level there are initiatives to develop new practises, e.g. in Germany the innovation funding program of the German Federal Agency for Agriculture and Food (BLE -Bundesanstalt für Landwirtschaft und Ernährung). Some of the research efforts, leading to technology supporting the new policy, will be outlined in this chapter.
Integrated weed management
Integrated weed management (IWM) is one part of integrated pest management (IPM), the latter targeting at all pests occuring in crops. The European research network ENDURE defines IPM as:
IPM is a sustainable approach to managing pests by combining biological, cultural and chemical tools in a way that minimises economic, environmental and health risks.
Integrated weed management combines all applicable methods to reduce the effect of weeds in the cropping systems. The general goal of IWM is to enhance the weed management by using different methods to reduce the weed pressure. Swanton et al. (2008) illustrate the approach as "use of many little hammers". Synergistic effects are expected, leading to higher overall success rates in weed management than using only one of the weed suppressing measures. The combination of different methods has the advantage, that the overall effect can lead to a better weed suppression not only in one growing period, but also over larger time scales. Since many of the methods are 'orthogonal', in the sense that they are not depending on each other and work with different modes of action, a combination of these can add up the effects of the treatments. Weed management happens to be carried out in constantly changing conditions: depending on the weather conditions, concurrence situation (e.g. according to the crop type and rotation), weed pressure, seed bank, the weeds biological properties and herbicide resistance status, some measures may be more effective than others. A long-term strategy has to take into account the changes of the weed population and of the influencing environmental factors. Weeds, like any biological entity, can adapt to changes in their environment. Such changes can be human-induced or general, environmental ones (climatic shifts, newly introduced species).
Crop rotation is a classical technique with a weed suppressing effect, widely adopted in the agricultural practise. It can disturb the regeneration cycle and accumulation of weeds, leading to lower infestation densities of the crop relevant weed species over the years. Weed management depends on the cropping system to which it is applied, since the cropping system can have a significant influence on the weed pressure. Recent precision farming technology may lead to a wider adoption of different cropping systems: Corre-Hellou et al. (2011) compared weed suppression for cereal-pea intercropping systems and found a significant reduction of weeds compared to sole pea crops. The wider application of intercropping is supported by precisely working equipment, supporting the management starting from the sowing until harvest with improved methods for the planning, treatment, monitoring and harvest.
An reintroduction of cover crops, which have not been used intensively in the last decades, also exhibits unused weed-supressing potential (Blackshaw et al., 2001) . Undersown species can suppress the weeds due to their allelopathical effects or by early coverage, preventing germination and providing competition.
Sowing time, sowing rates and row spacing are closely related to the crop type and management practises, and all have an influence on the weed development and should be optimised to reach low weed infestation levels. A long-term strategy should include the prevention of seed set and distribution of weed seeds. The measures range from tillage and harvesting operations within the field to contamination prevention of seeds for sowing. An accumulation of weed seeds in seed banks needs to be addressed, at least certain levels of seed and resulting weed density should be avoided. Swanton et al. (2008) identifies four key components for IWM management: i) tillage (depth, soil type) and its influence on vertical weed seed distribution. With reduced tillage practices like no-tillage and strip-tillage seeds are close to the surface and are subject to predation and a more uniform emergence, and rotational tillage is considerable. ii) time of weed emergence, relative to the crop and the iii) critical period for weed control, both relevant for the yield effect of the weeds on the crop have to be taken into account for optimised management decisions. iv) Weed germination during the harvest window, after the critical period, can affect yield quality and the harvesting operation, but are not regarded to be an issue for the seed bank development.
The adoption of IWM practices by the farmers has two aspects: one the one hand most farmers are aware of the implications and use one or more of the techniques affecting the weed distribution. On the other hand such measures are usually not practised as conceptual long-term strategy, and the benefits and problems are not perceived as levelling out over time. Often the most effective, chemical solution is preferred to achieve a "clean acre", as long as there are no obstacles like herbicide resistance.
The introduction of IWM into the practise therefore requires training efforts on the farmers side. Risks for the several options should be assessed and modelled in expert systems, which then can aid consultants and farmers in their decision-making. Llewellyn & Pannell (2009) studied the perception and adoption of knowledge about IWM techniques and resistance development by farmers through workshops. They found significant changes in workshop participants behaviour and their intention to extend practices to different weed management methods. In Australia training and information resources were created to help farmers and advisors implement integrated weed management according to a manual (Storrie et al., 2006) . Jones et al. (2006) created a risk model for alternative weed management and found seasonal variability to have a substantive influence on the accuracy of the risk assessment and the estimation of the benefits. According to case studies conducted by the ENDURE network in maize crops (ENDURE, 2008) , comparable weed control can be achieved with different levels of IWM, concluding that a reduction of herbicides apparently has a proportional manner: the more non-chemical measures are added the more can herbicide input be lowered. Models have been created to tackle complex interaction of the components for a sustainability analysis of management systems, including measures for weed management (ENDURE, 2009).
Alternative weed management without herbicides
There are several methods to control weeds without herbicides. It is well known that conventional farming heavily depends on herbicides for weed control, therefore most alternative measures are developed and used in ecological farming. Perhaps, only preventive methods such as soil tillage and seed bed preparation are used in both, conventional and organic farming (Bond et al., 2003; Rueda et al., 2010) . In the previous section it was stated that the necessary weed management should be a balanced approach by including many different measures to successfully reduce weed pressure, towards an integral management plan. This procedure is applicable to both, conventional and organic, farming systems. Combination of many measures has the advantage that weed control can be extended throughout the whole crop growing period and also in large scales, and due to many modes of action the risk of resistant species will severely decrease. Several modes of action can be distinguished to control weeds without herbicides: burial of weeds in soil, cutting plants into pieces, uprooting, rupture of the plant cell and desiccation, etc. which are described below.
If plants are uprooted, they loose proper soil contact, disrupting their supply of water and nutritions. Destroying or disturbing the function of leafs or stems lead to a delayed development or death. Some methods target the seeds in the soil, disturbing their ability to develop into plants and thereby reducing the germination probability. Tools to achieve this are mechanical or use heat, applied either through flame, electrocution (Blasco et al., 2002) or laser light (Heisel et al., 2001; Nadimi et al., 2009 ).
Mechanical weeding (harrowing)
Mechanical weed control is referred to as cultivating tillage, because it mostly comprises a shallow soil cultivation after sowing or planting with tools such as harrows and hoes (Rueda et al., 2010) . These tools can be used to perform a whole crop cultivation (crop and weed plants), inter-row and intra-row cultivation. Cultivating tillage mainly controls annual weeds through uprooting, tearing plants into pieces and burial of weeds into soil; however perennial weeds are little affected (Jensen et al., 2004; Kurstjens & Kropff, 2001; Kurstjens & Perdok, 2000; Rueda et al., 2010) . Since controlling weeds with mechanical tools generally is a trade-off between weed control and crop damage due to cultivation, post-emergence cultivation must be combined with pre-emergence methods to overcome the poor selectivity (Melander et al., 2005) . Cultivating tools like harrows and hoes may be used for cultivating row crops, and also small grain cereals or legumes (Jensen et al., 2004; van der Weide et al., 2008) . Weed harrowing is carried out on the whole crop area and hoeing is applied inter-row, however, crop plants may also be affected (Melander et al., 2005) .
Weed control by mechanical means has generally a lower efficacy than herbicides, therefore the challenge is to improve mechanical weeding to make it competitive with chemical control. Five experiments on weed harrowing in winter wheat (Triticum aestivum L.) were carried out in Denmark and Germany, aiming to increase the cultivation selectivity and weed control efficacy while reducing the crop damage by soil coverage, as a result of harrowing (Rueda-Ayala et al., 2011) . Three of the experiments were kept weed free either with herbicides or due to lack of natural weed germination. These experiments were also harrowed to measure crop tolerance to soil cultivation and thus burial in soil. Two experiments were only harrowed, in order to control weeds and calculate the highest achievable yield as a consequence of weed control by harrowing. At each location, there were at least one weed free experiment and one experiment with high weed competition in the same field, to compare weed control and crop tolerance to harrowing. Four intensity levels in Denmark and five in Germany were created by increasing the number of passes with the spring-tine harrow on the same day of cultivation, an untreated control was included in any case. The most dominant weed species were Veronica persica (47%), Viola arvensis (31%), Poa annua (8%), and Chenopodium album (7%), in Denmark, and Matricaria inodora (65%), Cirsium arvense (16%), Alopecurus myosuroides (10%), and Galium aparine (6%) in Germany.
The selectivity of harrowing was a bit higher in Denmark than in Germany, although the crop growth stage at the time of harrowing was irrelevant for the selectivity. The first pass with the harrow controlled 93% and 68% of the weeds in Denmark and Germany, respectively. Likewise, four passes controlled 97% and 98% in Denmark and Germany, respectively. In order to achieve 80% weed control, it was required to achieve about 2 to 12% soil cover in Denmark and about 22 to 30% soil cover in Germany. The crop yield loss by 25% soil covering as a result of harrowing was about 0 to 5% in Denmark and 0 to 1% in Germany. When comparing the uncultivated plots with the herbicide-treated plots, it was found that the effectiveness of weed harrowing was comparable to the herbicide treatment. The average crop yield gain by harrowing with an optimal intensity in Denmark was 13%, which was not different from the 14% yield gain obtained by weed control with herbicides. In Germany it was not possible to measure the effect of herbicides, due to lack of natural weed germination, however, the average yield gain obtained by controlling weeds due to harrowing was as high as 27%. These results are a proof that weed harrowing is a very effective tool to control weeds, and under favourable soil conditions, applying the optimal intensity and at the right crop growth stage, these benefits are comparable with those obtained with herbicides.
Thermal weeding, flame weeding, manual weeding
While mechanical weed control is the most widely used non-chemical weed control method in arable crops, there are also other means to reduce the amount of weeds. Although the latter are often applied to control weeds in non-arable areas, e.g. on roads or rails, these can nevertheless be used for farming, too. Especially in high-value crops these can be considered, even though the measures may be accompanied by a higher energy, material or labour input.
Soil solarisation, soil steaming, and hot water
Soil solarisation achieves dis-infestation of soil due to the heat resulting from trapped soil radiation by covering the moist soil with a plastic film during several weeks, which has the consequence of killing soil-borne pathogens and to avoid weed seed germination by thermal inactivation (Candido et al., 2011; Cimen et al., 2010) . This technique, alone or combined with other techniques, has been found to effectively control weeds like green bristlegrass (Setaria viridis), common purslane (Portulaca oleracea), redroot amaranth (Amaranthus retroflexus), bindweed (Convolvulus spp), black night-shade (Solanum nigrum), canadian thistle (Cirsium arvense), and even weed species unsusceptible to selective herbicides (Candido et al., 2011) . The same author found that the total weed density and biomass were still significantly lower in solarised soil than in the untreated plots also after the harvest of the second crop under greenhouse and field conditions, therefore being a reliable possibility to replace the few chemicals available to manage weeds in conventional lettuce production. Bàrberi et al. (2009) highlighted that soil solarisation can be combined with hot steaming, as a measure to reduce the use of methyl bromide for soil disinfection. Most of the weed seeds are killed with steam heating the soil from 70-100°C to a depth of at least 10 cm, but weeds below this layer may be unaffected and germinate when the soil is disturbed to that depth (Bond et al., 2003) . Bàrberi et al. (2009) also mention that although steaming may also kill the beneficial soil microflora, it helps to overcome soil solarisation's limits: viable alternative in Mediterranean and tropical areas, limited use in summer months and occupation of vast areas with plastic films up to 3 months. Alopecurus myosuroides, Fallopia convolvulus and Setaria viridis were the most sensitive species to steaming alone, with about 77% control efficacy. Additionally, the effect of hot water (85°-95°C) and hot foam on weeds has also been reported as a good control method without affecting crops; the foam is intended to remain on the weeds and prolong the effect of the heat (Bond et al., 2003) .
Flame weeding
Weeds are killed by flaming due to the intense wave of heat that ruptures the plant cells and desiccates them, thus a foliar contact treatment is required, and any long-term effects depend on the plant recovery and the subsequent weed emergence (Bond et al., 2003) . Flaming equipment uses liquefied petroleum gas (propane) and the burners can produce up to 1900°C (Knezevic et al., 2011) . Flaming can be applied on the whole vegetation or directed to unwanted weeds, with the advantage that burners can be used when soil conditions do not allow mechanical weeding or herbicide resistant species are to be controlled (Bond et al., 2003) . Leaf relative water content, growth stage of the weeds and timing of treatment application are influential factors for the efficacy of flaming, according to greenhouse experiments by Knezevic et al. (2011) . These authors found that flaming was more effective when conducted on the afternoon between 3 P.M. and 6 P.M. at early growth stages of the plants. However, since flaming does not disturb the soil, some weeds (especially grasses) may escape weed control because their growing point during early growth stages is below the soil surface, thus is protected from the flame (Bond et al., 2003; Knezevic et al., 2011) . Furthermore, some crop plants were also affected by the flame, and therefore it is important to apply the treatment as late as possible before the crop emerges (Hansson & Svensson, 2011) .
Manual weeding
Pulling the weeds by hand or weeding with hand tools reaches the desired level of absolute site-specific weed control (Rueda et al., 2010) . The major constraints are the low capacity in terms of hectares per hour and the high labour costs per hectare, especially if the weed density is extremely high and other measures fail. For instance, Hansson & Svensson (2011) found that if flame weeding was used one day too early, it may increase the hand weeding costs by approximately 280 euros per hectare. In a review of hand weeding tools used in Europe some implements are still very effective, e.g. to control deep-rooted grass weeds (Bond et al., 2007) . Other tools are available to cut or move soil to cover small weeds, while the operator is standing or kneeling on the surface, such as the draw hoe, swan-necked hoe, onion hoe, collinear hoe, Dutch hoe, Swiss oscillating hoe, stirrup hoe. In developing countries, hand weeding tools may be combined with animal drawn tools to reduce the human labour, increase the area cultivated per hour and become a cheaper option than herbicides (Benzing, 2001 ). Bond et al. (2003) made a review of other ways to control weeds. Electrocution, an electrical discharge of about 15,000 V, can kill weeds (Blasco et al., 2002) , but even at a low weed density of 15 plants m -2 , a big amount of energy is required, and therefore it would not be suitable as primary weed control tool. Microwave radiation uses ultra high frequency (UHF) electromagnetic energy at a larger wavelength than light, and this radiation can kill weeds, however this technique is very slow and expensive.
Further alternatives to control weeds
Lasers emit hight amounts of light that can inhibit the plant growth due to the heat generated during absorption, but often do not kill weeds. Heisel et al. (2001) ; Mathiassen et al. (2006) ; Nadimi et al. (2009) have demonstrated in experiments with CO 2 lasers the possibility to regulate the weed growth centre. However, more research is required to validate the viability for this technology to be usable. Another alternative is biological weed control, through its classical approach (introducing a biocontrol agent, e.g. micro-organism or insects), by inundating a region with a large numbers of biocontrol agent or through a conservative approach where a detailed ecological knowledge is required about the weed and the biocontrol agent. An example of the latter is allelopathy, which is the release of allelochemicals from a plant or a fungal species that is toxic to other plant species.
Site-specific weed management
Site-specific weed management (SSWM) provides opportunities to reduce the amount of herbicides to a minimum of the required amount . Several aspects of the policy in section 1.2 have to be integrated for a successful use of SSWM: items III, V, VI and VIII are addressed directly, and the resulting data sets can further be used for monitoring tasks (II).
Nowadays the application of herbicides is usually done on the field level: the herbicides are selected according to the crop in the field, then a mixture is prepared and uniformly applied to the whole field. A common practice is to estimate the mean weed infestation and use thresholds for the weed species, which are to be considered. The weed density thresholds and occurrence of weed species are used to compose the necessary herbicide mixture. Afterwards this mixture is applied to the field, usually with a sprayer that can regulate the amount of herbicide according to the velocity, resulting in a uniform application on the field in terms of a constant amount per area, measured in litres per hectare.
This approach does not take into account the variability of the weed density within the field. Therefore herbicides are used even in weed free parts of the field, where this would not be necessary. Weeds are often found to have an irregular distribution within a field, with high densities in small-scale patches (Dieleman & Mortensen, 1999; Gerhards & Christensen, 2003) . These irregularities arise from varying numbers of seeds in the soil (the seed bank), and germination probabilities can be different according to the local soil conditions, water availability and several other factors. Some influencing factors are crop-related: the general ability of the crop to suppress weeds and compete for the resources. Local variations of coverage and time of emergence can also arise from irregular sowing densities and depths.
Site-specific weed management (SSWM) addresses the within-field variability explicitly. To be able to change management practices on the sub-field level several prerequisites are necessary. The procedure to implement SSWM includes the following steps:
1. The actual weed infestation/weed pressure has to be assessed within the field. Christensen et al. (2009) identify an automation of the weed mapping component as a missing prerequisite for SSWM. Approaches have been described in the literature to build up such systems, and they will be outlined in section 4.1. 2. Decisions have to be made for the (local) treatment. Decision components for weed management have been developed to aid farmers and researchers, an overview is given in section 4.2. 3. The field must be subdivided into management zones, each zone delineating areas of similar treatment. 4. Documentation of the management for further use (section 4.3). 5. Application technology (sprayers) with the ability to vary the treatment is needed (section 4.4) to carry out the treatment plan according to the management zones.
These steps resemble the general workflow cycle in precision agriculture, which have often been visualised as a circle (Srinivasan, 2006, p. 23) : starting with data sampling the following steps are data processing, decision making, application and a subsequent control of the effectiveness of the taken actions (e.g. by yield/weed mapping). The introduction of precision farming technology by the farmers still faces some challenges: new technology has to provide benefits, either economically or in terms of a reduced manual work load. The interest to invest in such implements and to change the necessary management decisions, varies between farmers. Reichardt et al. (2009) interviewed farmers (in Germany) regularly about their knowledge and adoption status and found the need for better information, e.g. in education, and that only parts of the farmers are introducing precision technology. The basic instrumentation like GPS and steering aids have the highest uptake rate among farmers. More work has to be done to implement such technology in a user-friendly way and deal with the complexity of the task itself and the many different components, which all have to work together.
Sensing weeds
A prerequisite for a broad introduction of SSWM is the possibility to automatically detect weeds. Manual weed sampling is too expensive in terms of labour, the costs for the working hours in the field reduce the economic benefit of the possible savings. The variation of the weed infestation within a field has to be assessed prior to the application (Wiles, 2005) .
There are two different cases for the treatment which have to be considered separately: pre-emergence and post-emergence application of herbicides. In the first case the plants are not yet germinated, and herbicides are applied to the soil to prevent germination. It is clear, that in this case there is nothing specific which could be sensed and analysed within the field. An analysis of the seed bank is very labour intensive (Wiles & Brodahl, 2004; Wiles & Schweizer, 2002) and involves taking soil samples and analysis of the samples in a laboratory. To achieve this, a lot of manual work has to be carried out, and therefore this approach does not scale to larger areas. On the other hand it is possible to estimate the size and location of seed banks from germination rates, such that historical maps of the weed infestation could be used for a precision application (Christensen & Heisel, 1998; Williams & Mortensen, 2000) .
For the second case (post-emergence application), weed detection automation has been successfully applied. Brown & Noble (2005) ; Singh et al. (2011); Weis & Sökefeld (2010) review the methods and approaches for an automated weed sampling. There are only a few commercially available sensor systems on the market, which can be used for weed density estimation. WeedSeeker (NTech Industries Inc., Ukiah, CA, USA), Detectspray (North American Pty, Ltd., NSW, Australia, 1995) and Crop Circle (Holland Scientific, Inc., Lincoln, NE) are products, which have been used in research for this task (Andújar et al., 2011; Biller, 1998; Biller et al., 1997; Sui et al., 2008 ). An additional requirement for the sensing, which is not yet fulfilled by the sensors on the market, is the identification of different weed species to be able to use selective herbicides (Gutjahr & Gerhards, 2010) . This cannot be achieved with the optical technology in the named products, since they only measure values correlating with the general coverage. In crop-free areas, e.g. between the rows or during pre-emergence of the crop, these systems can be used, since from the coverage the biomass of the weed and therefore the infestation can be estimated. With additional, a priori information about the occurring weed species this can be used to generate spraying decisions. Also, if broadband herbicides are to be applied, these sensors provide valuable data. A similar approach is possible with remote sensing data (Thorp & Tian, 2004) .
The full benefit of site-specific weed management can be achieved, if selective herbicides are used on the sub-field level. A reason for this can be found in the heterogeneous distribution of each species: each species can show a different distribution pattern within the field (Gutjahr et al., 2009; .
Two general approaches for site-specific weed sensing and herbicide application can be distinguished: an 'offline' and 'online' procedure. For the offline approach the two steps -sensing and application-are sequential, which means that the weed infestation is assessed first, then assembled offline to a weed infestation map and an application map and the latter is used in a second step in the field to apply the herbicides ). An example of the offline approach is given in Figures 1 and 2 . In a first step the weed infestation situation was acquired manually and with a sensor-system in a maize crop located at the research station of the University of Hohenheim, Ihinger Hof, in Renningen near Stuttgart, Germany (May 2008). Plant coverage measurements are shown as grey values in a grid. From the coverage the patchiness of the weed distribution can already be seen. A more detailed image analysis led to a species discrimination. The latter are depicted as coloured points, measurements without detected weeds are white. The manually identified weed patches for two perennial weed species (Cirsium arvense and Convolvulus arvensis) are outlined as polygons and overlaid. Further details of the analysis system for the measurement of these maps can be found in Weis (2010) . The information about the weed infestation was then used to create an application map for a site-specific treatment of Cirsium arvense (Fig. 2) . The application map contains the management zones, composed as a regular grid of quadratic polygons. For each zone a treatment decision was derived: green zones are to be sprayed, white zones do not need treatment. The comparison with the manually acquired patches shows that the overall decision based on the sensor measurements is suitable for the treatment. Only small patches were missed by the system, mostly due to the sampling distance, since the patches were either between the measured tracks or the measurements did not 'hit' plants in low-infested patches. Due to the zones' structure and singular false positives, a slightly larger area compared to the manual measurements was marked for treatment. Nevertheless only 30% of the total field area were treated, leading to herbicide savings of 70%.
An online approach combines both steps, integrating the sensing, decision making and application during a single pass (Blasco et al., 2002; Tian, 2002) , e.g. with robotic approaches (as described in section 5.1). This can be achieved with smart sensors for the weed detection in combination with a decision and control component on the tractor. Such systems are in development for commercialisation and will give an opportunity for sensor guided applications on a large scale.
Decision rules and decision support systems
The economic weed density threshold is the density at which the costs of an application equal the monetary loss due to the yield decrease caused by the weed infestation. Economic thresholds provide simple rules to decide whether weed control is (economically) justified or not on the field level and thus reduce the herbicide use compared to prophylactic herbicide applications (Coble & Mortensen, 1992; Gerowitt & Heitefuss, 1990) . The decision whether to spray or not depends on the average weed infestation of a field, assessed early in the season. The determined thresholds vary in the literature e.g. Gerowitt & Heitefuss (1990) used threshold values of 20-30, 40-50, 0.1-0.5 m -2 for grass weeds, broadleaved weeds and for cleavers (Galium aparine) respectively in small annual grains. For broadleaved weeds also a threshold of 5-10% of ground cover was tested (Gerowitt & Heitefuss, 1990) . Economic thresholds have generally not been adjusted to changing prices of grain and herbicides and thus serve merely as a guideline Gutjahr & Gerhards, 2010) .
In contrast to economic thresholds, Decision Support Systems (DSSs) are more sophisticated decision aids. They are valuable in situations in which the amount of available information (e.g. crop growth stage, weed species, weather conditions, herbicide spectrum, their economic and ecological properties and implications) is too large for intuitive decision-making (Mir & Quadri, 2009 ). For uniform field herbicide applications, many DSSs have been presented in research journals and several are also implemented and available as web-based, desktop and/or pocket (on-site usage) solution (Bennett et al., 2003; Rydahl, 2003) . Frequently required inputs for DSSs are the grown crop, its competitive ability (e.g. growth stage, vigour), weed species, weed densities, weed growth stages, herbicide and application costs, the expected price for the crop and the expected yield without weed competition (Gutjahr & Gerhards, 2010) . Wiles et al. (1996) distinguished between efficacy-based and population-based DSSs for weed control. The former provide herbicide recommendations and in some cases recommendations for the optimal herbicide dose for the actual weed infestation of a field. An integral part of these DSS are databases storing information about herbicide performance under various conditions (crop, weed species, growth stage etc.), as reported by Christensen et al. (2009) . Examples of this type of DSSs are SELOMA (Stigliani & Cosimo, 1993) 
or Crop Protection
Online (Rydahl, 2003) . In addition, population-based DSS incorporate information about weed biology, ecology and management through deterministic models Wiles et al., 1996) . Examples are HERB (Wilkerson et al., 1991) or GESTINF (Berti & Zanin, 1997) . Gutjahr & Gerhards (2010) provide a review of various DSSs in weed control. DSSs for weed control have considerably evolved and are still evolving from quite simple models using only few aspects relevant to weed control to DSSs that integrate more aspects as optimum dose rates, weather conditions, considerations regarding the environment and the problem of herbicide resistance development (Rydahl et al., 2008) . For example, the DSS Weed Manager integrates two time scales, a within single season and an overall scale for several years in rotation perspectives. A multi-stage heuristic decision model for the in season decision model and for the over several years rotation perspective they used stochastic dynamic programming in this DSS (Parsons et al., 2009 ). Furthermore, DSSs for weed control vary in the number of crops and weed species included, some are only designed for a few crops and a limited number of weeds. Others are functional for the main crops and weeds at national or regional level (Rydahl et al., 2008) . One drawback of DSSs is that they are seldom transparent to the users and that the models do not allow the user to interact or change neither the algorithms nor the model parameters. Furthermore, in countries, in which DSSs have already been implemented and are available to farmers, less than 3% of the farmers were using them (Rydahl et al., 2008) .
As stated before weeds occur in patches and therefore patch spraying, i.e. spraying only restricted to areas with weed densities high enough to cause economic yield loss, should allow considerable herbicide savings. could achieve herbicide savings from 6-81% for herbicides against broad-leaved weeds and 20-79% for herbicides against grass weeds in cereals. In trials carried out by Wiles (2009) , 34% of the field areas could be left untreated in average. It is important to notice that these potential savings depend on the actual weed distribution and the employed decision algorithms.
Only few DSSs for patch spraying have been presented so far (Gutjahr & Gerhards, 2010) . The system DAPS (Decision Algorithm for Patch Spraying) was developed for barley (Hordeum vulgare L.) and winter wheat (Triticum aestivum L.) and was tested in a 5-year field trial by Christensen et al. (2003) . The model consists of three main components: i) a competition model, which uses the density equivalent model approach presented by Berti & Zanin (1994) . ii) a herbicide dose-response model and iii) an algorithm which derives the economically optimal herbicide dose for a given weed infestation (Christensen et al., 2003) . In the field trial this model for patch spraying was compared with PC-Plant Protection, a control and a so called mean DAPS in a completely randomized design with 10 replicates. For the DAPS each plot consisted of 6 management zones of 12×12 m. In each managment zone weed density was determined in circular sample of 0.25 m 2 . The field trial indicated no significant differences in yield, however significant herbicide savings of DAPS compared with PC-Plant Protection (Christensen et al., 2003) . HPS-online has been suggested by Gutjahr & Gerhards (2010) , but it has not been implemented yet. Weed cover of single weed species or weed groups, determined by bi-spectral cameras and classification algorithms, and economical basis data serve as input. Parameters of yield loss functions for single weed species, and parameters of dose-response curves for the respective weed and herbicide combinations are used to derive a yield gain function in dependence of the applied dose. Using the costs of weed control and the expected price for the crop, the optimal dose can be determined for each management zone. In addition, it is planned to allow the farmer to adjust the system according to current conditions, e.g. crop status or weather conditions (Gutjahr & Gerhards, 2010) . For this suggested model robustness/predictability of yield loss functions has to be researched, since they can differ between locations and years. In addition most yield loss functions have been determined with weed density as explanatory variable. Furthermore dose-response parameters are not all available, and dose-response curves have been determined mainly in the greenhouse and the transferability of such results to field conditions is difficult.
Generally, for site-specific spraying the term DSS can be misleading, as the algorithms should not suggest or recommend the herbicide or the control needed, instead they take the decision whether to spray or not, or to spray more or less for the respective management zone. This is especially the case for an on-line approach, when the herbicides or the herbicide mixture have been chosen in advance, the sprayer is already loaded and the decision to spray or not to spray has to be taken in real-time at the sprayer's regular speed. The use of GPS and the geo-referenced documentation of spraying decisions would open the possibility to provide the farmer with a log file or a map highlighting locations in the field, where the system had identified patches of weeds which could not be fully controlled by the loaded herbicide, rising the awareness of the farmers to potential problems and to allow him to take actions. In addition, the decision algorithms should only require little computing time.
Concluding, DSSs support farmers' decision making in weed control and can optimize weed control economically and minimize the negative environmental effects of weed control. However, the use and adoption of DSSs by farmers and consultants have to be brought forward. In addition, more field data has to be gathered to support and calibrate decision algorithms and calculation models of DSSs (Rydahl et al., 2008) . For site-specific weed control, the two presented examples and the above mentioned results of field trials show the potential for considerable herbicide savings if site-specific spraying is adopted by farmers. Ecological benefits of patch spraying can be considerable. On one hand the amount of applied herbicide is reduced as herbicides are only applied in field areas, where herbicides are needed. On the other hand, in field areas where no herbicides are applied, flora and fauna can establish without disturbance, enhancing the overall biodiversity (Timmermann et al., 2003) . Neither DAPS nor HPS-online is available to farmers (yet), but launches of commercial products integrating automated weed sensing, decision algorithms and application technology are to be expected soon.
Data handling
As seen before, a lot of data is needed for precise treatments: measurement data acquired in the field or by remote sensing, application maps, yield maps and soil maps, all of them with a spatial component. For decision support not only such spatial data, but also the weather conditions, active ingredients of pesticides, timing information, regulation rules, equipment information, farm data and a lot more have their role and need to be integrated for the final decision about the optimal management.
In precision farming, geographic positions have to be acquired during the treatments to identify the areas which have already been treated. This way the documentation of the taken actions helps to avoid overlaps directly during the treatment. If prescriptions maps were prepared, then a terminal software needs to look up the actual position in the map and use its information additionally for the control decision. Therefore geographic information systems (GIS), GPS positioning and terminals to control the equipment play an important role in precision agriculture. Some farm management information systems already include the possiblity to store certain geodata, although most of them do not target and handle precision farming data explicitly. Partial solutions exist to create application maps that can be transferred to the farm equipment for applications in the field.
Storage of geodata itself is only one aspect of the necessary data handling, additionally metadata is needed to describe the data sets itself, answering at least the following questions: who acquired the data, how, when and which equipment was used, what was the goal and usage perspective and how accurate is the data, which preprocessing steps have been applied? This way the data sets can be found and understood later, which is necessary for further analysis steps, if they are based on this data. If for example an economic analysis of the long-term strategy is performed, then all data sets acquired during the time frame considered can be relevant inputs.
By coupling locally acquired data sets and external sources, e.g. weather data and pest prediction service data, new application fields are supported. The complexity of DSSs for integrated pest/weed management can be tackled by a suitable modularisation into components. These components do not necessarily need to be run on one system or created and implemented by one manufacturer, if suitable interfaces allow the exchange of data between them. By interconnecting components the expertise of different fields and sources can be joined. A service-oriented architecture based on web-enabled services provides the technical framework for the implementation of system components that can be joined together as needed. Services like recommendations based on the data and functionality of such components are an option for the portfolio of consultants and as such should be developed in cooperation with the experts in the field.
The standardisation of data and services may find technological solutions soon, as they are the topic of recent research efforts . Difficulties arise mainly from semantical barriers, which prevent the correct interpretation of data and its meaning in different contexts. Farm manangement information systems (FMIS) should include such standards and thus can add functionality in a modular manner. As FMIS are used by the end-users (farmers), they provide the tool for integration of expert systems, which can be created and maintained as modular solutions. Such standardisation may require an important contribution from researchers and the willingness to implement them in commercial products, and therefore might need considerable time before becoming usable. The introduction of the ISOBUS standard, defining interfaces for interoperation of machinery components, into agriculture needed roughly a decade until all relevant manufacturers were providing functional interfaces. Such a standard on the other hand allows the development of new applications with less effort (Iftikhar & Pedersen, 2011) . AgroXML is another proposed standard for farm management data exchange (Schmitz et al., 2009) , and has successfully been applied to farming tasks supporting a distributed system structure (Steinberger et al., 2009) . If the regulations were available in a formal, machine-readable rule format, then operations can be planned and checked according to these regulations. Authorities and researchers as well as FMIS providers need to work together to reach this goal and provide useful tools for the end-users. The necessary prerequisites have been defined (Nash et al., 2011; and proof-of-concept solutions were developed to show the feasibility of the approach in the European project FutureFarm . Especially for the weed population modeling the WeedML standard has been proposed (Holst, 2010) , fostering coooperation and exchange between researchers in this field. Systems integrating this technology can become an integral part for the decision support of farmers.
Application technology for weed management
The application technology for chemical weed management has seen advances in the last decade, leading to more precise application of herbicides in the field and thus reducing the amount of herbicides applied. The equipment to apply herbicides to the field plays an important role for an optimized treatment.
One concern for an optimum treatment quality is the reduction of drift. In windy weather conditions the drift effect can lead to an uneven treatment, because the spray liquid moves from the envisaged position and can stack up in neighbouring areas. The resulting, unwanted variation within the field can on the one hand lead to poor weed control due to lower amounts, on the other hand damage the crop in vulnerable growth stages and also the environment in areas with higher amounts. It can also lead to pollution of non-target areas outside of the field, often in shelter-belts where the wind velocity is reduced. The drift can especially be a problem for targeted omission of sensitive areas, e.g near water or biotopes. To comply with restrictions, optimal drift reduction is one crucial prerequisite. It can be achieved by selection and calibration of the equipment, and naturally by applying under good weather conditions (no wind). One way to reduce the drift is the selection of nozzles with larger orifice size producing larger droplets or special drift-reducing nozzles, which for example incorporate air into the spray droplets. The droplet size is also dependent on the spray pressure and additives that increase spray viscosity. Bigger droplets are not as susceptible to wind as smaller ones. The selection of the right nozzle is not only dependent on the drift effect, but also relying on other circumstances. Smaller droplets can have advantages for the uptake efficiency by the plant, since the more homogeneous wetting raises the probability for absorption into the leaf. Adjuvants additionally can be used to intensify the contact of the droplets to the leaf surface and aid the uptake through the epidermis.
Nowadays most sprayers are able to control the amount of herbicides to a uniform level by feedback control systems. By pressure variation they control the amount according to the driving speed, assuring constant amounts of spray liquid per area unit.
Variable rate technology
For a precise treatment and variation of the herbicide application within a field, sprayer technology has to be able to adapt the rates according to a spraying plan. Variable rate technology (VRT) became available in the last decade and entered the market for precision applications .
A basic variation of the amounts can be realised by switching on and off the whole boom or parts of it. In the latter case the whole boom width is divided into parts which can be controlled independently of each other. The parts can be sections of fixed length or down to the single nozzle with an individual nozzle control. With such systems it is possible to avoid overlaps, since the nozzles or sections can be switched off in areas which have already been treated. They can also be used to leave out no-treatment zones and fulfil distance requirements (e.g. near running waters).
Technically the flow control and thereby the amount of a herbicide mixture can be achieved by pressure variation. If the pressure is lowered centrally, then the amounts on the whole boom width are reduced. There are upper and lower limits for flow rate, depending on the pressure operation interval of the nozzles. Pressures outside this interval lead to insufficient droplet sizes. Other systems use solenoid valves, which are directly integrated at each nozzle and allow to control the flow based on an electromechanical principle. Mixing the fluid with air in the nozzles can reduce the flow down to the half. Varying orifices in the nozzles are another way to control the output, this can be achieved either by a moving, steerable component within each nozzle or by combining several nozzles into one holder and switching between them. The presented technology can vary the amount of a prepared herbicide mixture.
If the herbicide mixture itself should be varied within the field, additional techniques have to be used. Either each herbicide gets mixed beforehand into several tanks and sprayed independently of each other, or the mixing takes place on the sprayer. A late mixing has the advantage to lower the amount of mixture within the whole system, which is favourable for the cleaning procedure and the minimised amount of remainders. In the extreme case herbicides are mixed near/in the nozzles into fresh water by direct injection systems (Schulze-Lammers & Vondricka, 2010) . Because in this case the mixing takes place under pressure, the resulting problems have to be addressed: small amounts of liquid and varying viscosity have to be mixed into relatively large amounts of water, such that the resulting fluid is homogeneous before reaching the nozzle (Vondřička, 2007) .
There are sprayers appearing on the market explicitly targeting precision farming applications, implementing such techniques. The Pre-Mix-System (Amazone) has a water tank and an additional tank with a preliminary mixture and can therefore vary the concentration down to zero during the operation by mixing these two components. The VarioInject system (Lechler) is a direct injection system, which can be mounted in the rear of the sprayer and mix the raw herbicide ingredients on demand with water. This way mixture remaining can be reduced to a minimum and only the herbicide actually applied to the field is used.
Herbicide-tolerant crops
Since their introduction in 1996 herbicide-resistant crops have been planted on a rapidly increasing areas, amounting worldwide to 83.6 Mha in 2009 and even more if crops with stacked traits are considered (Gianessi, 2008; James, 2009) . In general, herbicide-resistance has been the dominant trait in biotech crops. In the process, glyphosate [N-(phosphonomethyl)glycine]-resistant soybean (Glycine max (L.) Merr.), maize (Zea mays L.), canola (Brassica napus L.) and cotton (Gossypium hirsutum L.) were most important (Duke & Powles, 2009; James, 2009; Owen, 2008) . The major herbicide-resistant crop growing countries are USA, Brazil, Argentina, India and Canada (James, 2009) . In Europe, the cultivation of herbicide-resistant crops has mainly been restricted to field trials dudue to public concerns and opposition (Davison & Bertheau, 2007; Kleter et al., 2008) .
Despite the controversial debate in Europe, herbicide-resistant crops have several advantages. The use of herbicide-resistant crops, such as glyphosate-and glufosinate-resistant ones, broadens the spectrum of controlled weeds and provides new mode of actions to be used in-crop. This is especially important to control weed population resistant against other herbicides. In addition these herbicides are rather environmentally friendly and are easily degraded in soil (Knezevic & Cassman, 2003 ) and due to their broad spectrum they can replace several herbicides which would be used alternatively (Duke, 2005) . Gianessi (2005) calculated considerable savings in the amount of applied herbicide in the US agriculture due to glyphosate-resistant crops, whereas Benbrook (2001) found an increase in herbicide use in herbicide-resistant crops compared to conventional crops. Duke (2005) stated that more studies suggested a decrease in herbicide use in herbicide-resistant crops or a comparable amount of herbicide use than an increase. However, if farmers rely merely and consequently on this tool of herbicide-resistant crops, increased tolerance and resistance of weeds can spread rapidly and shifts within weed communities will occur readily (Knezevic & Cassman, 2003) . In glyphosate-resistant soybean for example, Ipomoea and Commelina species as winter annuals are becoming much more common and problematic. The easiest way to control these more frequently occurring weeds, is to add tank-mix partners to glyphosate, which again results in higher use of herbicides (Culpepper, 2006) . In addition there is the risk of gene escape i.e. transfer of resistant genes to other plant species, which can result in very difficultly controllable weeds and high herbicide inputs to control them (Knezevic & Cassman, 2003) . One trend is to combine several tolerance genes in herbicide-resistant crops, this will decrease the single selection pressure of a distinct herbicide (Green, 2009 ), but also increase again the use of herbicides.
The sound use of herbicide-resistant crops can provide a tool to reduce herbicide use and allowing the use of more environmentally friendly herbicides. However, a smart combination with other IWM management tools is a prerequisite to sustain these opportunities.
Robotic weeding
Robots were introduced into production systems a long time ago and have found their place for tasks, which are repetitive and therefore error-prone or are carried out in dangerous environmental conditions. A robot can be defined as a machine, which is able to sense its environment, analyse the situation and decide for an action according to a task specification. Actuation is then initiated with a control component ensuring the correct operation. A certain degree of 'intelligence' is needed to react on the changing surrounding and act accordingly. Therefore often artificial intelligence techniques are implemented in this field. Such technology found its place mainly in controlled environments (e.g. industrial production lines) and has proven to conduct repetitive tasks in an efficient manner. The extension of the operation to agricultural fields is on the way, and some machinery already implement part of the robotic properties (Blackmore et al., 2007) . The security of the operation of unmanned vehicles is one of the obstacles, which has to be addressed. Human supervision and interaction nowadays is still necessary, the automation of subtasks on the other hand steadily develops. Many implements for field operation already include sensing, steering and control systems for their unguided operation. In agriculture, these implements can be modular: tractors implement parts of robotic navigation, sensors can be mounted to sense the status of the crop or soil and terminals are used to make decisions and control implements according to their abilities (Blasco et al., 2002) . Robots integrate all of the aforementioned technologies (sensing, decision support, actuators), but also require additional techniques for the navigation. Combinations of such technology therefore can be regarded as robots, e.g. the proposed weed sensing and technology already works to a large extent without human intervention, since the decision can be based on sensor data, and the decision and actuation (spraying) are automated and do not require human interaction. Tractors with auto-steering guided by GPS already reduce the amount of work for the driver, such that the driver can focus on other tasks. The future of robots in agricultural production systems can either advance in the automation and control of large machines or the development of smaller machines for special local operations. Robotic weeding is an approach to automate the labour intensive task of manual weed scouting and/or weeding. It has the potential to be carried out not only on the canopy or local (row) scale, but operate on the plant level. Autonomous machines could take over parts of the task, either for the autonomous creation of weed maps or the weed management on small scales. Operation times of robots are an argument for their introduction: tedious and time-consuming tasks can be done by robots in a 24/7 manner. If implements are available that target single plants, like micro sprayers (Midtiby et al., 2011) or hoes (Melander, 2006) , then the operation of these can be carried out on a robot. The treatment of single plants limits the driving speed, as opposed to the development towards faster and larger implements with higher field area capacity. This can be counteracted by the use of multiple, smaller robots, which in turn are more flexible in their use (Blackmore et al., 2007) . It is likely that parts of the machinery undergo development with robotic technology and the final solution will be a combination of task specific implements, which can be combined individually, creating task specific robotic automation as needed. The sensor developments and decision components researched lead the way and their integration will lead to new possibilities for the management.
Some problems still need to be tackled, before an introduction into wider practice will take place: the security of operation, energy constraints on smaller machines. Support and supervision of such technology on the other hand open new fields for businesses.
Conclusion
Weeds still are the cause of high yield losses, and alternative measures for weed control are required, because of the rising problems with herbicide residues in the environment and food. The alternative weeding methods without herbicides described in this chapter present a high potential to successfully compete with herbicide treatments. For instance, weed harrowing or a combination of flaming with mechanical tools, has shown an increase in crop yields due to the achieved weed control, up to a similar or even higher level than that obtained with chemical control. Considering these methods within a balanced approach such as a integrated weed management plan, there is a good chance to fulfil the political framework, at least in Europe, to prefer non-chemical weed control methods and to move towards the integrated pest management. However, it requires some risk acceptance and training efforts by the farmers to accomplish a good decision making plan. Existing sensors to assess the complex crop-weed-and soil variability contribute to reduce the use of herbicides towards a site-specific weed management approach, because then they could be only used on a sub-field level. Site-specific weeding also profits from the opportunities of information systems, data handling and decision support systems. Especially the latter is relevant, as DSS can optimize weed control economically and from an environmental point of view. In addition, this technology will allow monitoring the management success over a larger time-scale. In Europe, herbicide-resistant crops may gain some attention in the future, at least on a research level, for their potential to reduce herbicide application or to use only active ingredients which harm the environment less. However, public concern and opposition will still be a big barrier to overcome. More research is necessary to validate the performance and risks of such crops, and then training and public information is needed, as not only the farmers need to know about the pros and cons, but also the consumers. Finally, robotic weeding seems a promising technology to become successful in industrialized countries to reduce chemical weed control, once accurate and robust methods for automatic and real-time weed discrimination are developed. Nevertheless, once again expert knowledge is the most essential part for decision making technology, and there is still much to investigate, in order to tackle the constraints like security of the operator, energy consumption, time of operation and purchase cost of a robot weeding system. But even without highly engineered equipment considerable amounts of herbicides can be saved. The right management decisions have to be taken and multiple measures for weed control should be introduced into the existing production systems and their well-established practices. Weeds severely affect crop quality and yield. Therefore, successful farming relies on their control by coordinated management approaches. Among these, chemical herbicides are of key importance. Their development and commercialization began in the 1940's and they allowed for a qualitative increase in crop yield and quality when it was most needed. This book blends review chapters with scientific studies, creating an overview of some the current trends in the field of herbicides. Included are environmental studies on their toxicity and impact on natural populations, methods to reduce herbicide inputs and therefore overall non-target toxicity, and the use of bioherbicides as natural alternatives.
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